are controlled by unique signals in different tissue environments.
Defining the homeostatic mechanisms that support the diverse pool of peripheral regulatory T (T reg) cells in lymphoid and nonlymphoid sites is critical for developing effective strategies to manipulate T reg cell activity to promote allograft tolerance and treat autoimmunity, chronic infection, and cancer. Like conventional CD4 + Foxp3  helper T cells, T reg cells are phenotypically and functionally heterogeneous, with distinct populations associated with different tissue sites and inflammatory conditions (Campbell and Koch, 2011; Cretney et al., 2013) . However, despite the considerable body of literature highlighting the specialization of T reg cell subsets, the homeostatic mechanisms that maintain such complexity remain poorly understood.
As a population, T reg cells undergo rapid homeostatic proliferation in vivo (Fisson et al., 2003) , which is thought to be due to their high degree of self-reactivity and their constitutive expression of the high-affinity IL-2 receptor component CD25, which signals through phosphorylation of the transcription factor Stat5 (Hsieh et al., 2004; Setoguchi et al., 2005) . In the steady state, IL-2 is produced by activated CD4 + CD25 + Foxp3  T cells and is thought to act in a paracrine fashion to link the size of the T reg cell compartment to the number of these activated T cells (Setoguchi et al., 2005) , thereby ensuring that autoimmunity and inflammatory diseases do not develop as a result of uncontrolled T cell activation. The importance of IL-2 in controlling T reg cell function in the periphery is indicated by the lymphoproliferative disease that develops in mice deficient for IL-2 or its receptor (Sadlack et al., 1993; Willerford et al., 1995) , and IL-2 is thought to control T reg cell homeostasis through regulation of genes involved in cell proliferation, metabolism, and apoptosis (Fontenot et al., 2005a) . However, mice deficient in either IL-2 or CD25 contain near-normal numbers of T reg cells that are functionally suppressive in vitro, indicating that the role of IL-2 in controlling T reg cell abundance and activity is more complicated than eT R cells were highly enriched for the expression of adhesion and chemoattractant receptors required for migration to nonlymphoid tissues, such as CXCR3, CD103, and P-selectin ligand, and for surface markers associated with cellular activation such as CD69, KLRG1, and ICOS ( Fig. 1 D and not depicted) . In contrast, expression of the transcription factor Helios, which, along with Neuropilin-1, is preferentially expressed by thymus-derived T reg cells (Thornton et al., 2010; Yadav et al., 2012) , was identical in cT R and eT R cells (Fig. 1 E) . Proliferation, as assessed by BRDU incorporation or by expression of the cell cycle-associated antigen Ki-67, was much greater in eT R cells than in cT R cells ( Fig. 1 F and not depicted) . In contrast, eT R cells expressed significantly less CD25 and lower levels of the prosurvival factors Bcl2 and Mcl1 than cT R cells, and eT R cells were highly susceptible to spontaneous apoptosis during short-term in vitro culture (Fig. 1, G-J) . Thus, whereas cT R cells are quiescent and appear to be long-lived, eT R cells are undergoing rapid proliferation in vivo, which is balanced by a high rate of apoptotic cell death.
Thymic cT R generation and peripheral eT R conversion
Although the majority of cT R and eT R cells demonstrate a phenotype indicative of thymic origin, it remained unclear whether these cells are generated as unique populations in the thymus or whether the separation of these two subsets occurs in the periphery secondary to environmental cues. To compare the phenotypes of thymic and peripheral T reg cells, we used transgenic mice expressing GFP under control of the RAG2 promoter to distinguish true developing thymic T reg cells from GFP  T reg cells that have migrated from the periphery back into the thymus. Analysis of sorted CD4 + CD8  GFP + thymocytes revealed that developing T reg cells were uniformly Ki-67  ICOS  cT R cells, whereas eT R cells were only found among the GFP  cells (Fig. 2 A) . Because detectable GFP protein remains in cells for 2 wk after exit from the thymus (Boursalian et al., 2004) , we also used RAG2-GFP mice to identify and characterize recent thymic emigrants (RTEs) in the periphery. This analysis revealed that eT R cells were rare among GFP + RTEs but greatly enriched among GFP  cells (Fig. 2 B) . To further address the developmental relationship between cT R and eT R cells, we evaluated the proliferation and phenotype of sorted cT R and eT R cells 15 d after transfer into congenically disparate recipients. Indeed, a substantial fraction of the transferred cT R cells had become CD44 hi CD62L lo eT R cells, and acquisition of the eT R phenotype was associated with extensive proliferation; in contrast, transferred eT R cells were phenotypically stable and retained their CD44 hi CD62L lo phenotype (Fig. 2 C) . Together, these data are consistent with the notion that T reg cells emerge from the thymus as cT R cells and that phenotypically stable eT R cells subsequently differentiate from cT R precursors in the periphery.
cT R cells selectively require IL-2 in vivo
The dramatic differences in the phenotype, localization, and behavior of the cT R and eT R cell populations suggest that currently appreciated and that the homeostasis of T reg cells is at least partially IL-2 independent (Fontenot et al., 2005a; Burchill et al., 2007; Soper et al., 2007) .
In addition to IL-2, T reg cell abundance is tightly linked to the number and activity of antigen-presenting DCs (Darrasse-Jèze et al., 2009) , and the co-stimulatory receptors CD28 and inducible co-stimulator (ICOS) have been shown to influence T reg cell homeostasis in vivo (Tang et al., 2003; Burmeister et al., 2008) . However, an integrated understanding of how IL-2 and TCR/co-stimulatory signals combine to control the homeostasis of different T reg cell populations in distinct tissue locations is lacking. For instance, one possibility may be that IL-2 simply potentiates antigen-driven proliferation/selection of highly self-reactive T reg cells in the periphery. Alternatively, IL-2 and TCR/co-stimulatory signals could drive parallel pathways of T reg cell homeostasis (Zou et al., 2012) . Indeed, the existence of functionally specialized T reg cell subsets and their widespread tissue distribution raises the possibility that different T reg cell populations are subject to separate homeostatic constraints.
In this study, we identify a fundamental subdivision in T reg cells associated with differential tissue localization and engagement of distinct homeostatic pathways. Instead of acting as a pan-T reg cell growth/survival factor, we found that IL-2 was uniquely required to maintain quiescent CCR7 hi CD44 lo CD62L hi T reg cells and that loss of IL-2 signaling was not associated with impaired T reg cell proliferation. Furthermore, we identified the chemokine receptor CCR7 as a key factor that provides these cells access to IL-2 in secondary lymphoid tissues. In contrast, although they remain IL-2 responsive, we found that CD44 hi CD62L lo CCR7 lo cells have reduced IL-2 signaling in vivo and that the maintenance of these cells is IL-2 independent but relies on signals delivered by DCs and ICOS. Together, these data provide a new framework for understanding T reg cell homeostasis in different tissue sites that will be useful in developing and assessing strategies to therapeutically manipulate T reg cell function in a variety of immune-mediated diseases.
RESULTS

Central T reg (cT R ) and effector T reg (eT R ) cell subsets with distinct homeostatic characteristics
Conventional CD4 + memory cells can be divided into effector memory cells (T EM ) that reside in nonlymphoid sites and produce inflammatory mediators, and central memory cells (T CM ) that recirculate through secondary lymphoid tissues (Sallusto et al., 1999) . Similarly, we divided T reg cells into distinct cT R and eT R cell subsets based on their differential expression of CD62L and CD44 ( Fig. 1 A) . These populations are functionally specialized to control T cell priming or effector function, respectively (Huehn et al., 2005; Cretney et al., 2013) , and accordingly, CD44 lo CD62L hi cT R cells actively recirculate through secondary lymphoid tissues, whereas CD44 hi CD62L lo eT R cells show limited recirculation and are the predominant T reg cell population in nonlymphoid tissues such as the liver and intestines (Fig. 1, B and C). In addition, mice, or through acute neutralization of IL-2 using blocking antibodies, abolished detectable Stat5 phosphorylation in T reg cells and led to a selective decrease in both the frequency and number of cT R cells without significantly impacting the abundance or proliferation of eT R cells in the spleen, lymph nodes, or nonlymphoid tissues such as the intestinal lamina propria (Fig. 3 , B-E). To determine whether IL-2 is required for eT R maintenance and/or proliferation in a competitive setting, we co-transferred sorted CD4 + Foxp3 + T reg cells from WT and Il2ra / mice into congenically marked WT recipients unique sets of homeostatic signals control their proliferation and survival. In particular, reduced expression of Mcl1, Bcl2, and CD25 in eT R cells is strongly indicative of a lack of ongoing IL-2 signaling in this population (Malek and Ashwell, 1985; Tang et al., 2008; Pierson et al., 2013) . Indeed, direct ex vivo assessment of Stat5 phosphorylation (pStat5) revealed that IL-2 signaling was largely restricted to the CD44 lo CD62L hi cT R population and was not associated with highly proliferative eT R cells ( Fig. 3 A) . Furthermore, inhibition of IL-2 signaling in vivo through loss of CD25 or IL-2 in Il2ra / or Il2 / were analyzed in the same manner as described in A, with the addition of a sorted GFP-mid expression sample (n = 5 Rag2 gfp mice). (C) FACS-sorted cT R or eT R cells from WT mice (2 × 10 5 cells) were adoptively transferred to congenic WT recipient mice and analyzed 15 d later for any changes in CD44 versus CD62L phenotype (left plots), the resulting cT R to eT R cell ratio (middle), and the percent divided (right) based on dilution of the eFluor670 cell proliferation dye (each symbol represents data from 1 animal, n = 3 animals per group; data from 1 of 2 independent experiments is shown). Legend for the y axis on the right graph: cT R →cT R , cT R cells that stayed cT R cells; cT R →eT R , cT R cells that differentiated into eT R cells; and eT R →eT R , eT R cells that stayed eT R cells. Error bars in all panels represent the mean ± SEM. **, P ≤ 0.005; ***, P ≤ 0.0005. and examined the recovery of cells from the spleen 1 wk later. Surprisingly, the recovery of Il2ra / T reg cells was nearly equivalent to that of co-transferred WT cells ( Fig. 3 F, mean ratio of WT/Il2ra / T reg cells recovered = 1.32 ± 0.13, n = 6 mice analyzed in three separate experiments), indicating that these cells could effectively compete with WT cells for phenotype cells, eT R cells do not actively respond to IL-2 in vivo, and loss of IL-2 signaling does not impair eT R cell homeostatic maintenance or proliferation, even when placed in direct competition with IL-2-responsive cells.
Paracrine IL-2 signaling in T reg cells is spatially regulated
Both cT R and eT R cells were highly responsive to exogenous IL-2 in vitro and in vivo (Fig. 4, A and B ), indicating that despite reduced surface CD25 expression, the lack of IL-2 IL-2-independent growth and survival factors in vivo. Because differences in activation and environment between cells isolated from Il2ra / and WT mice may influence their behavior upon transfer, we also examined the proliferation of sorted eT R cells from WT mice transferred into -IL-2-treated recipients; however, we found that blockade of IL-2 had no discernible effect on the proliferation of transferred eT R cells in these recipients (unpublished data). Collectively, these data show that although required for the maintenance of cT R Figure 3 . cT R cells are uniquely dependent on IL-2 signaling in vivo. (A) Spleen cells from WT mice were isolated, and CD4 + T cells were analyzed directly ex vivo for Foxp3, CD44, CD62L, Ki-67, and pStat5 expression by flow cytometry. The plots show pStat5 and Ki-67 expression among gated cT R and eT R cells, and the bar chart shows the frequency of pStat5 + cells among gated eT R and cT R cells (n = 3 mice). (B) Representative ex vivo pStat5 staining in gated Foxp3 + cells from WT/untreated, Il2ra / , and 2-wk anti ()-IL-2-treated mice. The IL-2-blocked mice received one injection of anti-IL-2 antibodies, and the staining was performed 3 d later (1 of 3 independent experiments is shown). (C) Spleen cells from WT, Il2ra / , Il2 / , and -IL-2-treated mice were isolated, and CD4 + T cells were analyzed by flow cytometry for Foxp3, CD44, and CD62L expression. The left plots show representative frequencies of Foxp3 + , cT R , and eT R cells in WT, Il2ra / , and 2-wk -IL-2-treated mice, and the middle chart depicts the cT R to eT R cell ratios for WT, Il2ra / , Il2 / , and 2-wk -IL-2-treated mice (each symbol represents data from 1 animal, n = 4-5 mice per group; 1 of 3 independent experiments is shown for C-E). (D and E) WT mice were treated every 3 d for 2 wk with either control or -IL-2 antibodies (n = 5 mice per group). (D) The total cT R and eT R cell numbers were calculated and the frequency of Ki67 + cells among splenic cT R and eT R cells was determined by flow cytometry in controland -IL-2-treated mice. (E) The frequencies of cT R and eT R cells among CD4 + cells were assessed for the indicated tissue sites after 2-wk treatment with control (black) or -IL-2 (gray) antibodies (each symbol represents data from 1 animal, n = 5 total). (F) FACs-sorted CD4 + Foxp3 gfp+ T cells from CD45.1 + B6.SJL and CD45.2 + Il2ra / mice were co-transferred into CD45.2 + Foxp3 gfp recipients, and the flow cytometric analysis of CD45.2 and CD45.1 expression by CD4 + Foxp3 gfp+ T reg cells in the spleens of 2 representative recipient animals 7 d after transfer is shown. Results are representative of 6 animals analyzed in 3 independent experiments. Error bars in all panels represent the mean ± SEM. *, P ≤ 0.05; **, P ≤ 0.005; ***, P ≤ 0.0005. pulp (WP), which is surrounded by the B cell-rich marginal zone (MZ) and the macrophage/granulocyte-rich red pulp (RP). Although the majority of splenic Foxp3 + T reg cells were localized within the WP T cell zones, a significant fraction was found outside of the MAdCAM-1 + marginal sinus in the MZ and RP (Fig. 4 C) . However, assessing the location of IL-2 signaling in T reg cells histologically, we found that pStat5 + T reg cells were found almost exclusively inside of the WP T cell zones ( Fig. 4 D) . Similarly, pStat5 + T reg cells were signaling in eT R cells is not due to an intrinsic inability to respond to this cytokine. We therefore tested whether the enhanced IL-2 signaling in cT R cells in vivo was due to their ability to localize to specific environments that facilitate paracrine IL-2 signaling to T reg cells. For this, we examined the distribution and homeostasis of T reg cells in the spleen due to the similar number of cT R and eT R cells in this organ.
The spleen has a complex structure, with T and B cells predominantly found in the highly organized splenic white (dual-positive cells are indicated with arrows; bar, 10 µm). The percentage of T reg cells located inside or outside of the T cell zones that were pStat5 + is indicated graphically (n = 9 fields from 3 individual mice combined from 1 experiment). (E and F) Representative confocal images of the Peyer's patch (left) and small intestine (right) stained for CD5, pStat5, and Foxp3 as indicated. The white arrows (left) denote CD5 + Foxp3 + pStat5 + cells, whereas the yellow arrows (right) indicate CD5 + Foxp3 + pStat5  cells (representative staining from 3 sections per tissue obtained from 3 animals in 1 experiment; bars, 25 µm). For the small intestine, 5 pStat5 + cells were observed among 54 total T reg cells identified in sections from 3 individual mice. (G) For in vivo PE labeling, -CD4-PE antibody (RM4-4 clone) was injected intravenously, and spleens were harvested 5 min after injection. Splenocytes were examined by flow cytometry after staining with the RM4-5 clone -CD4 antibody. A representative flow cytometry plot depicts the dual-labeled RP/MZ and singlelabeled WP CD4 + T cells. (H) After in vivo PE labeling, splenocytes were analyzed by flow cytometry for CD4, Foxp3, and pStat5 expression. The histograms (left) and graph (right) show the frequencies of total Foxp3 + and Foxp3 + pStat5 + cells labeled in vivo with -CD4-PE (each symbol represents data from 1 animal, n = 5 total; representative data from >5 experiments for G and H). Error bars in all panels represent the mean ± SEM. ***, P ≤ 0.0005. antibody ( Fig. 4 G) , which labels cells in the RP/MZ but is excluded from the T cell zones in the WP due to the relatively impermeant marginal sinus (Cinamon et al., 2008) . After tissue harvest, we compared Stat5 phosphorylation among WP and RP/MZ T reg cells, and consistent with our confocal analyses, pStat5 + T reg cells were found predominantly among unlabeled WP cells ( Fig. 4 H) . Thus, IL-2 signaling is not only readily observed within the T cell zones in both lymph nodes and Peyer's patches (not depicted and Fig. 4 E) , whereas the frequency of pStat5 + T reg cells in the small intestinal lamina propria was low (<10%) and comparable to that observed in splenic T reg cells in the MZ/RP (Fig. 4 F) . To further quantify where IL-2 signaling takes place within the spleen, we intravenously injected mice with PE-labeled anti-CD4 Figure 5 . CCR7 guides location-dependent IL-2 responsiveness. (A) Spleen cells were isolated, and CD4 + cells were analyzed for Foxp3, CD44, CD62L, and CCR7 expression by flow cytometry. Histograms and bar graph depict CCR7 expression by gated cT R (black) and eT R (gray) cells (n = 3 mice per group). The bar chart shows the MFI of CCR7 among cT R (black) and eT R (gray) cells (each symbol represents data from 1 animal, n = 3 mice per group). (B-E) Spleen cells from WT and Ccr7 / mice were isolated, and CD4 + cells were analyzed by flow cytometry for Foxp3, CD44, CD62L, CD25, Bcl-2, Ki-67, and pStat5 expression directly ex vivo. (B) Plots show representative frequencies of cT R and eT R cells, and the chart shows the cT R to eT R cell ratios in WT and Ccr7 / mice (each symbol represents data from 1 animal, n = 3 per group). (C and D) The histograms and bar graphs show CD25 (C) and Bcl-2 (D) expression among gated Foxp3 + cells in WT (black) versus Ccr7 / (gray) mice (n = 3 per group). (E) The plots show representative flow cytometric staining for pStat5 and Ki-67 expression directly ex vivo in gated T reg cells from WT and Ccr7 / mice, and the bar charts show the percentage of pStat5 + (left) or Ki-67 + (right) T reg cells for each genotype (n = 3 mice/group). (F) FACS-sorted WT or Ccr7 / cT R cells were adoptively transferred into congenically disparate hosts, and cell localization within the spleen (after in vivo PE labeling) and Stat5 phosphorylation were examined by flow cytometry for endogenous and transferred T reg cells recovered at 36 h after injection. The plots on the left show representative flow cytometry staining for pStat5 and in vivo-labeled CD4-PE. The charts on the right show the percentage of T reg cells in each group demonstrating positive staining for pStat5 (left) and the in vivo CD4-PE label (right). Y axis legend: WT→WT, WT cT R cells injected into WT recipients; KO→WT, Ccr7 / cT R cells injected into WT recipients (each symbol represents data from 1 animal, n = 3 mice per group; representative data from 1 of 3 experiments are shown). (G) Stat5 phosphorylation was measured by flow cytometry in WT T reg cells that were left untreated or treated for 2 h in vitro with pertussis toxin (Ptx) and then transferred into congenic recipient mice for 36 h before analysis (each symbol represents data from 1 animal, n = 5 animals combined from 2 individual experiments). Error bars represent the mean ± SEM. *, P < 0.05; **, P < 0.005. Figure 6 . eT R cell abundance is controlled by DCs and is ICOS-dependent. (A) WT mice were injected subcutaneously with control B16 or Flt3Lexpressing B16 (B16.Flt3L) tumor cells 2 wk before analysis. After tumor formation, spleens were isolated, and CD4 + cells were analyzed for the expression of Foxp3, CD44, and CD62L by flow cytometry. The representative dot plots on the left show the frequencies of total Foxp3 + cells and the bar charts show the numbers of Foxp3 + , eT R , and cT R cells in animals given control B16 or B16.Flt3L tumor cells (n = 3 mice per group). (B, left) The frequency of Stat5 phosphorylation among splenic T reg cells was evaluated by flow cytometry in mice given B16 or B16.Flt3L tumor cells. (B, right) Mice were injected subcutaneously with control B16 or B16.Flt3L tumor cells 2 wk before analysis. In addition, treated and untreated groups of 3 mice received intraperitoneal -IL-2 injections every 3 d during the period of tumor development. The number of splenic T reg cells (middle) and the mean fold increase in splenic T reg cell abundance (right) in mice given B16 or B16.Flt3L cells and/or treated with -IL-2 antibodies are shown. (C) In mice injected with B16 (black) or B16.Flt3L (gray) tumor cells, the spleens were evaluated by flow cytometry after 2 wk for the expression of Foxp3 and ICOS, as shown in a representative overlapping histogram. (D-G) WT mice were injected intraperitoneally with control or -ICOSL antibody every 3 d for a period of 2 wk (n = 5 mice per group). Lymphocytes from the spleen and lamina propria (LPL) were isolated and counted, and CD4 + cells were examined by flow cytometry for the expression of Foxp3, CD44, CD62L, pStat5, Ki-67, and restricted to cT R cells but also is strongly associated with T reg cell localization in the organized T cell zones of secondary lymphoid organs.
CCR7 guides T reg cells to sources of IL-2
The chemokine receptor CCR7 directs T cell migration to and within the secondary lymphoid tissues and could thereby bring T reg cells into close juxtaposition with IL-2-producing T cells . Indeed, expression of CCR7 by eT R cells was significantly lower than on cT R cells (Fig. 5 A) . Thus, we hypothesized that selective expression of CCR7 gives cT R cells preferential access to IL-2 and is therefore required to maintain the homeostatic balance between cT R and eT R cells. Consistent with this, T reg cells in Ccr7 / mice strongly resembled the IL-2-starved T reg cells observed in Il2ra / and -IL-2-treated mice, with a selective decrease in cT R cells and reduced expression of CD25 and Bcl2 compared with age-matched WT controls (Fig. 5, B-D) . Moreover, Stat5 phosphorylation was dramatically reduced in Ccr7 / T reg cells, whereas Ki-67 expression was slightly elevated (Fig. 5 E) . CCR7 controls the migration of multiple cell types, including naive T cells, central memory T cells, and activated DCs (Förster et al., 2008) . However, sorted Ccr7 / cT R cells failed to efficiently enter the WP or phosphorylate Stat5 upon adoptive transfer into WT hosts (Fig. 5 F) , demonstrating a cell-intrinsic defect in the ability of Ccr7 / T reg cells to access sites of paracrine IL-2 signaling in vivo. Because the immune dysregulation present in Ccr7 / mice could potentially affect the behavior of transferred cells, we took an alternative approach and inhibited chemoattractant receptor signaling in WT T reg cells by treatment with pertussis toxin (ptx) in vitro before transfer into congenically distinct recipients. As we had observed for CCR7-deficient T reg cells, ptx-treated T reg cells localized effectively to the spleen but showed dramatically reduced Stat5 phosphorylation (Fig. 5 G) . Although ptx inhibits signaling through all G  i-linked chemoattractant receptors and is not a specific inhibitor of CCR7, this result shows that CCR-mediated migration of T reg cells within the spleen is important for WT T reg cells to properly access IL-2, and together these data demonstrate that CCR7 guides cT R cells to an IL-2 signaling niche, thereby functioning to control the balance of cT R and eT R cells in vivo.
eT R cell abundance is controlled by DCs and is ICOS dependent
T reg cell abundance is tightly linked to the number of antigen-presenting DCs (Darrasse-Jèze et al., 2009) . Although this may be a result of the ability of DCs to directly present relevant self-antigens and provide important co-stimulatory signals to self-reactive T reg cells, it could also be secondary to the ability of DCs to trigger IL-2 production from conventional Foxp3  T cells. To distinguish between these possibilities, we examined the homeostasis of cT R and eT R cells when DC abundance was dramatically increased after implantation of Flt3L-secreting B16 melanoma cells. Surprisingly, we found that increasing the number of DCs significantly expanded the eT R cell population but did not impact cT R cell abundance ( Fig. 6 A) . Moreover, DC-expanded T reg cells showed decreased Stat5 phosphorylation, and the T reg cell number was increased to a similar extent even when B16.Flt3L recipients were treated with -IL-2 throughout the period of tumor growth ( Fig. 6 B) . Thus, rather than acting in the same pathway, these data strongly indicate that DCs and IL-2 act in parallel to control the abundance of distinct T reg cell subsets.
The co-stimulatory receptor ICOS helps to control T reg cell abundance and function in vivo (Herman et al., 2004; Burmeister et al., 2008) , and ICOS-ligand (ICOSL) is highly expressed by DCs. Moreover, ICOS expression was dramatically up-regulated in T reg cells from B16.Flt3L recipient mice ( Fig. 6 C) , and we therefore evaluated the role of ICOS signaling in the homeostatic maintenance of eT R cells in nontumor-bearing mice using a blocking -ICOSL antibody. Indeed, blockade of ICOS signaling for 2 wk resulted in the specific loss of eT R cells in both lymphoid and nonlymphoid tissues without any effect on cT R cell abundance (Fig. 6, D and E). This was not simply due to antibody-mediated depletion of these cells, as T reg cells do not express significant amounts of ICOSL, and ICOSL-expressing B cells and DCs were present in normal numbers/frequencies in treated mice (unpublished data). Mechanistically, -ICOSL treatment did not reduce Stat5 phosphorylation in T reg cells ( Fig. 6 F) , and thus the observed loss of eT R cells in treated mice was not secondary to decreased IL-2 production. Surprisingly, despite its well-established co-stimulatory function, the remaining eT R cells in -ICOSL-treated mice had normal expression of Ki-67 ( Fig. 6 F) . However, ICOSL blockade led to selective loss of Bcl-2 lo T reg cells ( Fig. 6 G) , indicating that rather than inducing eT R activation and proliferation, ICOS provides important anti-apoptotic signals that promote the survival of Bcl2 lo Mcl1 lo eT R cells.
TCR and inflammatory signals control the balance of cT R and eT R cells
The TCR repertoire of T reg cells is believed to be heavily biased toward autoreactivity, and as such, these cells are believed to undergo continual contact with self-antigen in vivo (Hsieh et al., 2004; Moran et al., 2011) . However, the differential The chart on the left shows the MFI for Nur77 gfp in WT splenic T reg cells (n = 4 mice) and CD4 + Foxp3  CD44 lo naive T cells, cT R , and eT R cells from Nur77 gfp mice (n = 4 mice). The histograms at the right show representative Nur77 gfp expression in the indicated T cell populations, with the shaded histograms representing background fluorescence in total CD4 + T cells from a nontransgenic WT mouse. Data are from 1 of 2 independent experiments. (B) Spleens from unmanipulated DORmO mice were isolated, and CD4 + cells were examined by flow cytometry for Foxp3, DO11.10 TCR (KJ1-26), CD44, and CD62L expression. The plots show representative splenic cT R and eT R cell frequencies within the indicated T reg cell populations, and the chart quantifies the mean cT R to eT R cell ratio in each group (each symbol represents data from 1 animal, n = 3 mice from 1 of 3 independent experiments). (C-E) CD4 + CD25 + cells (10 6 ) isolated from DORmO mice were CFSE labeled and adoptively transferred into BALB/c (n = 3) or BALB/c.sOVA (n = 6) mice; at the time of transfer, three of the mice in the sOVA group received LPS by i.v. injection. 6 d after transfer, spleens were harvested, and CD4 + KJ1-26 + cells were examined by flow cytometry for the expression of CD44, CD62L, ICOS, CCR7, CFSE, and pStat5. (C) The FACS plots show representative staining for ICOS (top, left) and CCR7 (bottom, left) versus CFSE in gated OVA-specific (KJ126 + ) T reg cells after transfer into the indicated recipients. The MFI values for ICOS and CCR7 expression (middle) and the division index values based on CFSE dilution (right) for transferred KJ126 + cells harvested from the indicated recipients are plotted at the right (n = 3 mice per group; data in C-E were obtained from 3 individual experiments). (D) The FACS plots show representative Stat5 phosphorylation versus CFSE in OVA-specific KJ126 + T reg cells after transfer into the indicated recipients. The percentage of pStat5 + cells among the transferred KJ126 + cells is shown in the bar graph (n = 3 mice per group). (E) The frequency of pStat5 + cells among endogenous, polyclonal cT R and eT R cells from control and LPS-treated sOVA recipient mice was assessed by flow cytometry (n = 3 mice per group). Error bars in all panels represent the mean ± SEM. *, P < 0.05; ***, P < 0.0005. expression of activation markers by cT R and eT R cells suggests that they may differ in their extent of self-reactivity and degree of TCR stimulation, which could underlie their distinct homeostatic behaviors. To directly assess TCR signaling in cT R and eT R cells, we analyzed reporter mice expressing GFP from the Nr4a1 (Nur77) locus, which is activated independent of co-stimulation upon TCR triggering (Moran et al., 2011) . Surprisingly, we observed only small differences in GFP expression between cT R and eT R cells, and both T reg cell populations demonstrated significantly increased expression in comparison to CD4 + CD44 lo Foxp3  naive T cells (Fig. 7 A) . Thus, differences in the extent of TCR triggering are unlikely to account for the distinct phenotypic and homeostatic properties of cT R and eT R cells. To determine whether the inflammatory context of antigen recognition controls the expression of key molecules involved in cT R and eT R homeostasis, we studied OVA-specific T reg cells from DO11.10xRIP-mOVA (DORmO) mice (Walker et al., 2003) . In these RAG-sufficient mice, a large number of OVA-specific T reg cells develop in the thymus due to recognition of OVA as a self-antigen, and these cells can be identified based on their high-level expression of the KJ1-26 clonotypic TCR and distinguished from KJ1-26 lo/ T reg cells that express endogenously rearranged TCRs. Interestingly, the KJ1-26 hi T reg cells are predominantly cT R cells, whereas the bulk of eT R cells are KJ1-26 lo/ (Fig. 7 B) . Thus, although both cT R and eT R cells appear to be largely self-reactive, T cell specificity strongly influences the cT R /eT R phenotype. To further determine how antigen recognition influences eT R differentiation, we transferred OVA-specific cT R cells from DORmO mice into recipient mice systemically expressing soluble OVA (sOVA) under control of the metallothionein promoter (sOVA mice). Despite the high level of systemic self-antigen present, most transferred T reg cells did not proliferate, remained CCR7 + , and up-regulated only low surface expression of ICOS in sOVA mice (Fig. 7 C) . However, the addition of LPS as an inflammatory trigger greatly augmented T reg cell proliferation and induced a dramatic shift toward the CCR7 lo ICOS hi eT R phenotype that was associated with loss of Stat5 phosphorylation (Fig. 7 D) . Similar results were observed when complete Freund's adjuvant was administered subcutaneously as an inflammatory stimulus (unpublished data). Finally, to examine the potential for polyclonal eT R cells to access IL-2 in the context of inflammation, we assessed IL-2 signaling and Stat5 phosphorylation in endogenous cT R and eT R cells from LPS-treated mice and observed a slight decrease in Stat5 phosphorylation in cT R cells but no change in the low level of Stat5 phosphorylation observed in eT R cells (Fig. 7 E) . Thus, although both cT R and eT R cells are subject to continual TCR stimulation, inflammatory signals in the immune environment alter T reg cell expression of key surface proteins that control their homeostatic requirements.
DISCUSSION
Despite extensive scrutiny, the mechanisms controlling T reg cell abundance and function in vivo remain poorly defined. Our findings provide an integrated understanding of how IL-2 and antigen receptor/co-stimulatory signals control the maintenance of homeostatically distinct T reg cell populations in different anatomical locations. Collectively, our data support a model in which recirculating CCR7 + cT R cells are sustained by paracrine IL-2 signaling from other T cell populations within secondary lymphoid tissues. When activated in the presence of inflammatory signals, quiescent cT R cells differentiate into rapidly proliferating eT R cells, lose CCR7 expression, and redistribute to nonlymphoid environments. Having lost access to IL-2, eT R cells are highly prone to apoptosis and must rely on alternative signals such as continued ICOS signaling for their homeostatic maintenance. Thus, cT R and eT R cells are maintained as separate pools of cells with distinct homeostatic requirements, and this represents a fundamental subdivision among T reg cells.
The role of IL-2 in the development, maintenance, and function of T reg cells is complex (Malek, 2008) . The constitutive expression of the high-affinity IL-2 receptor by T reg cells and the colitis and inflammatory disease that develop in mice lacking IL-2 or CD25 strongly indicate that IL-2 is critical for T reg cell-dependent immune tolerance. However, IL-2 and the related cytokine IL-15 are partially redundant in the thymic development of T reg cells, and thus Il2 / and Il2ra / mice contain normal numbers of peripheral T reg cells (Fontenot et al., 2005a; Burchill et al., 2007; Soper et al., 2007) . Moreover, boosting T reg cell numbers in Il2 / mice via deletion of the pro-apoptotic protein Bim failed to prevent autoimmune disease development (Barron et al., 2010) , indicating that despite its ability to induce T reg cell proliferation and survival, the principle effect of IL-2 on T reg cell function is qualitative rather than quantitative. Current hypotheses to explain how T reg cells in these mice fail to control the development of autoimmunity include impaired metabolic fitness of T reg cells (Fontenot et al., 2005a) , reduced Foxp3 expression (Burchill et al., 2007) , and the failure to obtain a mature, or CD25 hi , pool of peripheral T reg cells (Cheng et al., 2011) .
Our results demonstrate that one of the key functions of IL-2 is to control the homeostatic maintenance of a specific T reg subset in the periphery, which supports the notion that maintaining immune tolerance requires the coordinated actions of both cT R and eT R cells. Indeed, multiple mechanisms of immune suppression are used by T reg cells (Vignali et al., 2008) , and at least some of these mechanisms segregate in cT R and eT R phenotype cells. For instance, whereas cT R cells are ideally positioned to interact with and inhibit the function of antigen-presenting cells in secondary lymphoid tissues and thereby prevent the priming of autoreactive T cells (Tadokoro et al., 2006) , the production of IL-10 in nonlymphoid tissues is restricted to the eT R population and is driven in large part by their selective expression of the transcription factor Blimp-1 (Cretney et al., 2011 (Cretney et al., , 2013 .
Whereas IL-2 can induce T reg cell proliferation when present in excess after administration of super-agonistic IL-2/-IL-2 immune complexes or during niche-filling after acute T reg cell depletion (Boyman et al., 2006; Pierson et al., 2013) , we found that IL-2 signaling is not associated with T reg T cell migration and homeostasis are tightly linked, as cells need to access appropriate immune compartments endowed with important survival/proliferation factors (Sallusto and Mackay, 2004) . However, although cT R cells rely on paracrine IL-2, the microenvironmental IL-2 niche for T reg cells is poorly defined. Our results demonstrate that this paracrine IL-2 signaling occurs almost exclusively within the organized T cell zones of secondary lymphoid tissues and requires expression of the chemokine receptor CCR7. The T cell zones of secondary lymphoid tissues are not homogenous, but instead can be further divided into several specialized domains that differ in cellular composition and function. This organization is largely dictated by nonhematopoietic stromal cells, which have recently been identified as key accessory cells that help promote immune function and tolerance (Malhotra et al., 2013) . Among their functions, stromal cells highly express the CCR7 ligands CCL19 and CCL21 (Luther et al., 2000) , raising the possibility that these cells act as cellular scaffolds that bring CCR7 + T reg cells into close proximity with other cells required for paracrine IL-2 signaling. Indeed, T cells rapidly migrate along the stromal cell network in a CCR7-dependent manner, and this promotes cellular and molecular interactions that support their activation and survival . For cT R cells, migration along the stroma may bring them into proximity with CCR7 + central memory cells, which can be potent source of IL-2 (Sallusto et al., 1999) , and CCR7 + DCs, which could act as APCs to help trigger IL-2 production from conventional T cells. However, defining the function of specific stromal cell, T cell, and DC populations in facilitating paracrine IL-2 signaling to cT R cells requires further investigation.
The multi-organ autoimmunity that develops in aged Ccr7 / mice has been associated with deficits in the in vivo function of T reg cells resulting from improper selection in the thymus, as well as impaired migration in the periphery . However, similar to IL2ra / mice, Ccr7 / mice have normal numbers of T reg cells with preserved in vitro suppressive activity (Schneider et al., 2007) . By demonstrating an intimate association between CCR7 expression by T reg cells and IL-2 signaling, our data help explain the activated, peripheral tissue phenotype of the T reg cells in Ccr7 / mice and also provide additional mechanistic insight into the link between CCR7, T reg cell function, and the development of autoimmunity. Interestingly, multiple polymorphisms in the CCL21 gene have been associated with the development of rheumatoid arthritis in both European and Korean populations (Raychaudhuri et al., 2008; Freudenberg et al., 2011) . Although the mechanisms driving this association are currently not understood, our data raise the intriguing possibility that defects in CCR7-dependent IL-2 signaling in T reg cells may contribute to development of human autoimmune disease.
eT R cells are highly enriched in nonlymphoid tissues such as the intestines, and our parabiosis results demonstrate that these cells undergo minimal external replacement and thus must be maintained largely by balanced proliferation and cell cell proliferation in the steady state. Indeed, using several experimental systems, we demonstrated that the rapid proliferation of eT R cells is IL-2-independent. However, although not required for their homeostatic maintenance/proliferation, eT R cells remain highly responsive to IL-2 in vitro and in vivo, and we cannot rule out the possibility that IL-2 signaling does help regulate the function of eT R cells. For instance, sequestration of IL-2 by T reg cells has been shown to limit the responses of both T and NK cells (Pandiyan et al., 2007; Gasteiger et al., 2013; Sitrin et al., 2013) . Moreover, although T reg cells from Il2 / and Il2ra / mice can suppress T cell proliferation in vitro, this only measures one aspect of T reg function and therefore may underestimate their functional deficits in vivo. For instance, IL-2-deficient T reg cells have decreased expression of functionally important molecules such as CD39 and CD73 (Barron et al., 2010) . Additionally, the use of a Foxp3 gfp reporter allele that appears to increase Foxp3 protein stability in this and other studies may partially mask functional deficits in T reg cells from Il2 / and Il2ra / mice (Bettini et al., 2012; Darce et al., 2012) . Nonetheless, the presence of eT R cells with at least some functional capacity in IL-2-and CD25-deficient mice is consistent with the substantially delayed development of autoinflammatory disease in these animals relative to that observed in Foxp3-deficient scurfy mice or Il2rb / mice that have more severe numerical defects in T reg cells (Godfrey et al., 1991; Bayer et al., 2007; Soper et al., 2007; Cheng et al., 2013) . Although loss of IL-2 signaling in effector cells may contribute to this delay in disease, deletion of Foxp3 further exacerbates lymphoproliferative disease and shortens the lifespan of IL-2-deficient mice, indicating that functionally suppressive T reg cells do exist in these animals .
The loss of cT R cells in the absence of IL-2 signaling is likely due to a combination of factors. As a quiescent, transitory population, the abundance of cT R cells is a function of their generation in the thymus, their survival, and their conversion into eT R phenotype cells during inflammation. Interestingly, a recent study demonstrated that IL-2 can directly boost expression of the anti-apoptotic protein Mcl1 and thereby enhance T reg cell survival (Pierson et al., 2013) , and we confirmed that cT R cells express more Mcl1 than eT R cells. Thus, impaired cT R survival and function in the absence of IL-2 signaling may lead to the initiation of dysregulated inflammatory responses, which may further contribute to cT R loss by promoting cT R conversion to eT R cells. This would lead to the near complete depletion of cT R cells and massive expansion of activated CD4 + and CD8 + T cells observed in Il2 / and Il2ra / mice, which would eventually overwhelm the remaining eT R cells (which may also be functionally impaired) and cause peripheral autoimmunity. Indeed, indicative of a loss of cT R activity in secondary lymphoid tissues, one of the most striking phenotypes in CD25-deficient mice is the rapid development of lymphadenopathy and splenomegaly, which is associated with an accumulation of activated CD4 + and CD8 + T cells and precedes the development of peripheral autoimmunity (Willerford et al., 1995) . and function of T reg cells in different tissue sites is therefore integral to the successful implementation of T reg cell-based cellular therapy. Our results defining distinct IL-2 and ICOSdependent T reg cell populations in different tissue environments have clear implications for the development of therapies aimed at boosting or inhibiting T reg cell activity in the context of autoimmune/inflammatory disease, transplantation, cancer, and chronic infection (Jenabian et al., 2012; Rech et al., 2012; Tang et al., 2012; Long et al., 2013) . Moreover, our findings help explain how polymorphisms in each of these pathways may contribute to T reg cell dysfunction during the development of autoimmunity (Raychaudhuri et al., 2008; Takahashi et al., 2009; Wang et al., 2009 ).
MATERIALS AND METHODS
Mice. C57BL/6 (B6), CD45.1 + B6 congenic, B6.Ccr7 / , BALB/c, and D011.10 mice were purchased from The Jackson Laboratory. B6.Foxp3 gfp mice have been previously described (Fontenot et al., 2005b) . B6.Il2ra / mice were obtained from The Jackson Laboratory and crossed to B6.Foxp3 gfp mice. BALB/c mice expressing RIP-mOVA and sOVA were provided by A. Abbas (University of California, San Francisco, San Francisco, CA). Spleens from B6.Nur77 gfp mice were provided by K. Hogquist (University of Minnesota, Minneapolis, MN). Spleens and thymi from B6.Rag2 gfp mice were provided by P. Fink (University of Washington, Seattle, WA). All mice were bred and maintained at either the Benaroya Research Institute or the University of Georgia. All experiments were approved by the Office of Animal Care and Use of the University of Georgia and the Institutional Animal Care and Use Committee of the Benaroya Research Institute.
Flow cytometry and cell sorting. Cells were isolated from various tissues as previously described (Sather et al., 2007) . Cell surface staining was performed with the following directly conjugated anti-murine antibodies (from BioLegend unless otherwise specified): anti-CD4 (RM4-5), -CD44 (IM7), -CD62L (MEL-14), -CXCR3 (CXCR3-173), -ICOS (15F9), -CD69 (H1.2F3; BD), -CD25 (PC61), -CD45.1 (A20), -CD45.2 (104), -CD103 (2E7; eBioscience), -KLRG1 (2F1; eBioscience), and -DO11.10 TCR (KJ-126; eBioscience). To assess CCR7 expression, freshly isolated cells were placed for 1 h at 37°C in complete medium, followed by incubations with CCL19human IgGFc fusion protein, biotinylated goat anti-human IgGFc (Jackson ImmunoResearch Laboratories), and streptavidin-PE-Cy7 (eBioscience) at 4°C. P-selectin ligand expression was evaluated by incubation with P-selectin-IgM fusion protein, followed by biotinylated goat anti-human IgM (Jackson ImmunoResearch Laboratories) and streptavidin-PE-Cy7. For intracellular staining, cells were surface stained and then permeabilized with FixPerm buffer (eBioscience). Cells were then washed and stained with antibodies against Foxp3 (FJK-16s; eBioscience), Ki67 (B56; BD), Bcl-2 (BD), and/or Helios (22F6, BioLegend). To assess pStat5 levels directly ex vivo, spleens were immediately disrupted using glass slides into Cytofix/Cytoperm buffer (BD). After incubation for 30 min at room temperature, the cells were washed, resuspended in 400 µl 90% methanol, and incubated on ice for 30 min. After an additional wash, cells were stained for surface and intracellular antigens, including pStat5 (pY694; BD), for 45 min at room temperature in the dark. To assess apoptosis after in vitro culture, cells were surface stained as described above, washed, and stained with Annexin-V (eBioscience) in 1× Annexin Binding Buffer (eBioscience) for 15 min at room temperature. Cells were then washed, stained with propidium iodide staining solution (eBioscience), and immediately analyzed by FACS. Data were acquired on an LSR II (BD) and analyzed using FlowJo software (Tree Star). For cell sorting experiments, CD4 + cells were enriched using CD4 Dynabeads (Invitrogen), stained for desired cell surface markers, and sorted using a FACS Vantage or Aria (BD).
In vivo T cell labeling. 2 µg anti-CD4 PE (RM4-4; BioLegend) was injected i.v., and mice were sacrificed 5 min after injection. Splenocytes were death. However, unlike IL-2-dependent cT R cells, we found that the maintenance of eT R cells required continued ICOS-ICOSL engagement. ICOS is a potent co-stimulatory receptor that helps control the development and function of nearly all CD4 + effector T cells subsets, including Th1, Th2, Th17, Tfh, and T reg cells (Simpson et al., 2010) . Indeed, consistent with its role in supporting eT R cells, multiple studies have demonstrated that ICOS is essential for proper T reg cell function in vivo in a variety of inflammatory models (Dong and Nurieva, 2003; Herman et al., 2004; Burmeister et al., 2008; Ito et al., 2008) . Despite its co-stimulatory function, our data are most consistent with a role for ICOS in promoting eT R survival rather than proliferation. Although the mechanisms by which ICOS promotes cell survival are poorly understood, they likely involve its ability to potently activate the pro-survival PI3K/Akt signaling pathway (Gigoux et al., 2009) . Surprisingly, despite the preferential expression of activation markers such as CD69 by eT R cells, we found that both cT R and eT R cells are subject to continued TCR stimulation in vivo. Instead, we found that it is the inflammatory context of antigen recognition that controls the homeostatic switch between cT R and eT R cells. This is consistent with recently published work from our laboratory and others demonstrating that T reg cells alter their phenotypic and functional characteristics in response to various cytokine signals in the immune environment (Chaudhry et al., 2011; Hall et al., 2012; Koch et al., 2012) . LPS and other inflammatory stimuli potently up-regulate expression of the co-stimulatory ligands CD80 and CD86 by DCs, and enhanced engagement of co-stimulatory receptors such as CD28 likely underlies the homeostatic changes that occur during eT R differentiation. For instance, ICOS is up-regulated downstream of NFATc2 and ERK activation after TCR/CD28 engagement (Tan et al., 2006) . Additionally, both CD28 and ICOS are potent activators of the PI3K/Akt signaling pathway, which, in addition to promoting cell survival, can trigger phosphorylation of the transcription factor Foxo1, leading to its sequestration in the cytoplasm and down-regulation of Foxo1 target genes such as Klf2 and Ccr7 (Ouyang and Li, 2011) . Importantly, continued TCR triggering distinguishes eT R cells from the recently characterized regulatory memory cells, whose maintenance in peripheral tissues is IL-7-dependent (Rosenblum et al., 2011; Gratz et al., 2013) . Accordingly, we have found that both the abundance and proliferation of eT R cells are normal in IL-7-deficient mice (unpublished data).
Manipulating T reg cell function and/or abundance is an attractive therapeutic strategy to either boost or inhibit immune responses in a variety of clinical settings, and infusion of ex vivo-generated or expanded T reg cells is actively being pursued to treat autoimmunity and prevent allograft rejection (Riley et al., 2009 ). However, competition for growth and survival factors acts to limit the size of the T reg cell pool in vivo, and, as a result, clinical trials of adoptive T reg cell therapy have failed to achieve long-term cell engraftment or substantial clinical benefit (Hippen et al., 2011) . A detailed understanding of the key factors that control the abundance and the fraction of host-derived CD4 + Foxp3 + T reg cells in each of the indicated tissues was determined by flow cytometry.
Statistical analysis.
All data are presented as the mean values ± SEM. Comparisons between groups were analyzed using unpaired or paired Student's t tests or ANOVA with Tukey's post-tests, as appropriate. Statistical significance was established at the levels of P ≤ 0.05, P ≤ 0.005, and P ≤ 0.0005.
